Decay dynamics of nascent dipole bound states of acetonitrile and nitromethane are examined using time-resolved photoelectron imaging of iodide-acetonitrile (I − · CH 3 CN) and iodide-nitromethane (I − · CH 3 NO 2 ) complexes. Dipole-bound anions are created by UV-initiated electron transfer to the molecule of interest from the associated iodide ion at energies just below the vertical detachment energy of the halide-molecule complex. The acetonitrile anion is observed to decay biexponentially with time constants in the range of 4-900 ps. In contrast, the dipole bound state of nitromethane decays rapidly over 400 fs to form the valence bound anion. The nitromethane valence anion species then decays biexponentially with time constants of 2 ps and 1200 ps. The biexponential decay dynamics in acetonitrile are interpreted as iodine atom loss and autodetachment from the excited dipolebound anion, followed by slower autodetachment of the relaxed metastable ion, while the dynamics of the nitromethane system suggest that a dipole-bound anion to valence anion transition proceeds via intramolecular vibrational energy redistribution to nitro group modes in the vicinity of the iodine atom. © 2014 AIP Publishing LLC. [http://dx
I. INTRODUCTION
In recent decades, much theoretical and experimental work has focused on the study of dipole-bound anions. Fermi and Teller predicted that fixed dipoles with dipole moments μ greater than 1.6 D should bind electrons via dipolar (−1/r 2 ) interactions, 1, 2 while Crawford and Garrett later determined that rotating molecules in the gas phase with dipole moments greater than 2 D should stably bind electrons in diffuse orbitals with low electron affinities (10 s of meV). [3] [4] [5] [6] [7] Polar species such as acetonitrile (CH 3 CN), 8, 9 the water dimer, 10 the nucleobases uracil and thymine, 11 and small ketones and aldehydes 12 have been observed to form ground-state dipole-bound anions. Dipole-bound states (DBSs) have also been detected as excited electronic states or vibrational Feshbach resonances of conventional valence anions in cyanomethide 13 and other species. 14, 15 In nitromethane (CH 3 NO 2 ), the DBS of the anion has been described as a "doorway" to a more stable valence-bound state (VBS), with the DBS to VBS transition occurring on a timescale competitive with electron autodetachment. [16] [17] [18] In this study, we carry out time-resolved photoelectron imaging on I − · CH 3 CN and I − · CH 3 NO 2 binary complexes to directly observe the formation and lifetimes of the dipole-bound anions of acetonitrile and nitromethane as well as the DBS to VBS transition in CH 3 NO 2 − . The dipole-bound ground state of CH 3 CN − was one of the first such species to be examined. 8, 9, 19 The diffuse orbital bearing the excess electron is supported at the electropositive methyl end of acetonitrile by a large dipole moment a) Author to whom correspondence should be addressed. Electronic mail:
dneumark@berkeley.edu.
(μ = 3.92 D) and minimally distorts the geometry of the molecule from that of the neutral. 20, 21 Acetonitrile anion formation via Rydberg electron transfer (RET) collisions with Xe atoms in highly excited Rydberg states occurs most efficiently for atoms with principal quantum numbers near n = 13, 22, 23 while field detachment of these species estimated an electron binding energy (eBE) of approximately 11 meV, 22, 24 characteristic of diffuse dipole-bound states. In experiments by Johnson and co-workers, 25 CH 3 CN − was produced by photo-induced intracomplex charge transfer in I − · CH 3 CN near 3.54 eV, the peak of the photoelectron spectrum (the vertical detachment energy, VDE) of the complex. This species was identified as a dipole-bound state via its photoelectron spectrum, which displayed a single narrow peak with an eBE of about 10 meV. The lifetimes of weakly excited dipole-bound anions of acetonitrile generated by RET have been observed to exceed microseconds, [26] [27] [28] with electron autodetachment 22 or black-body induced photodetachment [26] [27] [28] identified as the primary decay mechanisms for the metastable species. No acetonitrile valence anion is expected to exist as the lowest unoccupied molecular orbital occurs nearly 3 eV above the neutral ground state. 29, 30 Formation of the nitromethane anion, CH 3 NO 2 − , has been observed upon RET from rare gas 8 and alkali atoms 16 to CH 3 NO 2 and in collisions of CH 3 NO 2 with high energy alkali atoms. 31, 32 The anion has been investigated by PES, 16, 33, 34 and its vibrational spectrum has been measured via autodetachment spectroscopy. 35, 36 Nitromethane has a dipole moment of 3.46 D, which is sufficient to support a dipole-bound anion. However, RET experiments show that the range of Rydberg states over which electron transfer to CH 3 NO 2 occurs is considerably broader than that observed when a pure DBS state is formed (i.e., in CH 3 CN), implying coupling between the nitromethane anion DBS and the more strongly bound VBS. 16 Indeed, the negative ion photoelectron spectrum of nitromethane anions produced in a supersonic expansion of seeded argon gas reported in the same paper was quite broad, with extensive, partially resolved vibrational structure and a VDE of ∼1 eV. Such a spectrum is characteristic of a valence anion with a geometry differing from that of the neutral species, as opposed to the dominance of the vibrational origin typically seen at very low eBE in the photoelectron spectrum of a dipole-bound anion.
The photoelectron spectrum of CH 3 NO 2 − measured by Weber and co-workers 34 shows features attributable to both the DB and VB anions with adiabatic detachment energies of 8 and 172 meV, respectively, placing the VBS 164 meV below the DBS. The absence of the DBS signature in other PE spectra 16, 33 and the suppression of the DBS in RET to CH 3 NO 2 complexed to a single Ar atom 23 suggest that the dipole-bound anion of nitromethane is a fragile species formed only under restricted conditions, consistent with the picture of a low-energy curve crossing with the VBS. 17 The experimental evidence suggestive of a DBS to VBS transition for the nitromethane anion is in accordance with electronic structure calculations that show the VBS to be more stable than the DBS. 37, 38 The I − · CH 3 NO 2 complex studied here has previously been investigated by photofragment action spectroscopy 39 and photoelectron imaging. 40 The action spectroscopy experiments, in which anionic and neutral fragments were detected as functions of excitation energy, yielded an electronic absorption spectrum of the complex peaking just below 3.60 eV, the VDE of the initial complex. The electronic band was attributed to a dipole-bound excited state of the complex, which was observed to decay to CH 3 NO 2 − as well as I − and NO 2 − . The CH 3 NO 2 − photofragment was characterized by electric field stripping experiments which, by comparison with similar experiments on anions formed via RET, 16 suggested that the photofragment anion exhibited some DBS character. The authors attributed vibrational resonances measured in the action spectra of the other photofragments to nitro-associated modes relevant to the valence anion, providing further evidence for mixing of the DBS and VBS states.
In this work, we examine the nature and decay dynamics of acetonitrile and nitromethane anions produced upon photoexcitation of binary iodide-molecule complexes using time-resolved photoelectron spectroscopy (TRPES). These experiments represent a continuation of efforts in which TRPES is used to study electron-induced cluster dynamics promoted by photodetachment of a complexed iodide anion. 41, 42 In analogy to our earlier work with iodidenucleobase complexes 43, 44 and the work of others, 25, 39 transient negative ions (TNIs) of the form [I · · · M]
− are generated via photo-initiated charge transfer from iodide to the associated molecule by a femtosecond UV pulse hν 1 with energy near the VDE of the complex:
The dynamics of the TNIs are monitored by photodetachment with a femtosecond near-IR probe pulse hν 2 by recording electron kinetic energy (eKE) and photoelectron angular distributions (PADs) of the resultant electrons using photoelectron imaging. The acetonitrile anion is formed in and remains a DBS, decaying via autodetachment and iodine atom loss over hundreds of picoseconds, while the nitromethane anion is initially formed in a DBS but decays within hundreds of femtoseconds to form the VBS. The resulting vibrationally excited VBS exhibits biexponential decay with time constants of 2 ps and 1200 ps that are attributed to decay via autodetachment and iodine atom loss. This study provides further insight into the decay mechanisms of biologically relevant systems such as pyrimidine nucleobase anions that also exist as both dipole-and valence-bound states.
11, 45, 46
II. EXPERIMENTAL METHODS
The I − · CH 3 CN and I − · CH 3 NO 2 complexes were studied using femtosecond time-resolved photoelectron imaging. Detailed descriptions of the imaging apparatus and laser system have been presented in Refs. [47] [48] [49] . Binary complexes were created by flowing 50 psig of neon gas over a supply of iodomethane and a reservoir of the liquid of interest chilled with ice water. The gaseous mixture was subsequently expanded through an Even-Lavie valve 50 pulsed at 500 Hz and crossed with a ring electrode ionizer to create halidemolecule cluster anions. The anionic clusters were then perpendicularly extracted with a Wiley-McLaren time-of-flight mass spectrometer 51 and steered with ion optics toward a mass gate for isolation of the relevant species.
The ultraviolet pump pulse was generated from a 1 kHz, 1.6 mJ near-IR pulse (KM Labs Griffin Oscillator and Dragon Amplifier) by frequency doubling the second harmonic signal of an optical parametric amplifier (Light Conversion TOPAS-C). Pump photon energies were selected based on the relative photoabsorption cross sections reported by Johnson and coworkers. 25, 39 Most data were taken at two excitation energies for each system: one resonant with the maximum absorption (3.53 eV and 3.60 eV for the acetonitrile and nitromethane systems, respectively) and other slightly off-resonant (3.47 eV and 3.53 eV, respectively). The fundamental at 1.56 eV was used as the probe. Cross correlations measured outside the chamber yielded values below 150 fs.
Photoelectrons were directed toward a chevron-stacked pair of microchannel plates coupled to a phosphor screen using a 3-plate velocity map imaging ion optical assembly. 2D photoelectron distributions were imaged using a chargecoupled device camera; from these images, 3D photoelectron kinetic energy (eKE) distributions and photoelectron angular distributions (PADs) were reconstructed using the basis-set expansion (BASEX) 52 and polar onion peeling (POP) 53 methods. The BASEX method produces more reliable eKE distributions near zero eKE (corresponding to the image center) than POP, for which center-point noise obscures photoelectron signal in this energy region. However, PADs obtained from BASEX reconstruction suffer from more noise away from the image center than those obtained with POP. Thus, eKE distributions were examined with BASEX, while PADs were examined with POP. Table I. Anisotropy parameters, β i , were extracted by fitting the photoelectron angular distributions according to
in which σ total represents the total photodetachment cross section, θ is the angle between the laser polarization and the ejected electron, and P i is a Legendre polynomial. β 2 is constrained to values between −1 and 2, corresponding to perpendicular and parallel detachment processes, respectively. Single-photon processes should show no dependence on β 4 .
III. THEORETICAL METHODS
Geometry optimizations of the binary anion complexes were performed using the Gaussian 09 55 computational suite at the MP2/aug-cc-pVDZ level with an aug-cc-pVDZ pseudopotential 56 for iodide. Optimized structures of the I − · CH 3 CN and I − · CH 3 NO 2 complexes are presented in Figure 1 , while relevant bond distances and other parameters are summarized in Table I . Previously calculated 20, 21 parameters for the acetonitrile DB anion, the nitromethane VB anion, and both bare neutral species are also included. The linear alignment of the iodide with the methyl end of the acetonitrile molecule is consistent with previously calculated structures. [57] [58] [59] The iodide is situated 3.61 Å from the methyl carbon atom and minimally perturbs the structure of the molecule. 21 In the nitromethane system, the iodide sits slightly closer and non-collinearly to the molecular axis and interacts more strongly with the methyl group, noticeably reorienting two of the hydrogen atoms. The plane containing the nitro group is also slightly tilted relative to this axis in both I − · CH 3 NO 2 and neutral CH 3 NO 2 and is significantly distorted in the nitromethane valence anion. 37 VDEs for I − · CH 3 CN and I − · CH 3 NO 2 were calculated to be 3.55 and 3.62 eV, in good agreement with experimental values. 25, 39 IV. RESULTS
A. Iodide-acetonitrile
Time-resolved photoelectron images for I − · CH 3 CN were recorded at excitation energies ranging from 3.43 eV to 3.59 eV. Representative POP-reconstructed Cartesian images measured at three pump-probe delays using a pump photon energy of 3.47 eV are displayed in Figure 2 . At t = 267 fs, feature B is no longer apparent, and the photoelectron angular distribution of feature C is most intense at θ = 0, suggestive of parallel detachment. Figure 3 (a) shows a contour plot of eKE distributions for the iodide-acetonitrile complex over a range of pumpprobe delays. Feature A is several orders of magnitude more TABLE I. Relevant structural parameters for the I − · CH 3 CN and I − · CH 3 NO 2 complexes and the respective bare neutral and valence anion species. Bond distances are presented in angstroms, angles in degrees, and dipole moments in debyes. The value α is the angle between the C-H bond and the C-C bond axis in CH 3 CN, while θ tilt is the angle between the plane containing the nitro group and the C-N bond axis of CH 3 NO 2 . intense than the other features and shows no notable intensity variation with pump-probe delay, so it is largely excluded for clarity. The weak feature at 1.1 eV, which corresponds to the starred feature at negative time delays in Figure 2 (a), shows minimal time variation and is assigned as three-probe-photon detachment of I − · CH 3 CN. Feature B rapidly appears and disappears around t = 0. Its eKE of ∼0.6 eV corresponds to an electron binding energy, eBE, of 0.96 eV (eBE = hν -eKE). Feature C emerges at t = 0 and undergoes a large decrease in intensity as well as a small change in eKE over 1 ps, eventually settling at 1.54 eV and persisting for hundreds of ps. Both features B and C are relatively narrow, displaying widths limited by the energy resolution of the femtosecond photoelectron spectrometer (∼50 meV). Figure 4 (a) displays the integrated intensities of the transient features B and C at short pump-probe delays. Feature B peaks at t = 0 and then disappears, while feature C is markedly different near and away from t = 0, mimicking feature B around t = 0 and then dropping in intensity to a slowly decaying signal. Accordingly, feature C is best described as consisting of two components, C 1 and C 2 , at early ( t < 120 fs) and later delays, respectively, as delineated in Figure 4 (a). The intensity of feature C 2 decays to approximately half of its initial intensity by 1 ns, the longest pumpprobe delay sampled (Figure 4(b) ). Figure 5 shows that the relative integrated intensities of features C 1 and C 2 vary significantly with excitation energy, with the highest value C 2 /C 1 seen at 3.53 eV (green triangles), closest to the peak in the electronic absorption spectrum. 25 As shown in Figure 6 , over the range of pump energies used here, the central eKE observed for feature C 2 remains static, while that for C 1 shifts to higher eKE as the pump energy is increased.
The anisotropy parameters associated with feature C for I − · CH 3 CN excited at 3.47 eV are shown in Figure 7 (a), superimposed upon the integrated intensity of the feature. At t = 0, where feature C 1 dominates, β 2 is approximately 0.3 while β 4 is −0.6. These values increase to asymptotic values near 0.9 and 0, respectively, for feature C 2 . Anisotropy parameters do not exhibit any notable changes with excitation energy.
B. Iodide-nitromethane
Representative photoelectron images for I − · CH 3 NO 2 excited at 3.60 eV are displayed in Figure 2 (b). As observed for I − · CH 3 CN, at negative delays, the images are dominated by a central isotropic feature (D). The additional weak feature at larger eKE indicated with a star is barely apparent at later times and is attributable to three-photon detachment of I − · CH 3 NO 2 by the probe pulse. The image at t = 0 includes a well-defined anisotropic feature E similar to feature C observed for the I − · CH 3 CN system. In addition to this feature, a low intensity, weakly anisotropic feature F spans eKEs between features D and E. In the last image, at t = 3267 fs, feature E has disappeared and the intensity of feature F has significantly increased. Figure 3 (b) displays eKE distributions for I − · CH 3 NO 2 over a range of pump-probe delays. Like feature A observed for I − · CH 3 CN, the largely excluded feature D at low eKE dominates the time-resolved photoelectron spectra and varies minimally with pump-probe delay. The narrow feature E at 1.54 eV shows no variation in eKE with excitation energy and decays rapidly after t = 0. The decay of feature E precedes the rise of the more intense feature F, an uneven and broad feature that spans the energy range 0.3-1.5 eV. The intensity of feature F achieves a maximum after approximately 1 ps and then decreases slowly over hundreds of ps. Photoelectron spectra at selected short pump-probe delays are presented in Figure 3 (c). The spectra emphasize the apparent intensity exchange between features E and F and their distinct spectral signatures. Some overlap between features E and F occurs in the range of 1.4 eV. 
V. ANALYSIS
The time evolution of the transient features observed can be described by a convolution of a Gaussian laser response function 
in which I 0 is the signal background, A i are coefficients, τ i are time constants, and the full width at half-maximum of the Gaussian function represents the cross correlation σ CC of the pump and probe pulses. The integrated intensity of feature E in I − · CH 3 NO 2 can be fit by a single exponential function, while features C for I − · CH 3 CN and F for I − · CH 3 NO 2 require two exponential functions to describe their decay. Feature F requires an additional exponential function to capture its belated rise. To reduce the influence of the spectral overlap between features E and F, only the high energy side of the peak of feature E was examined in the fitting. with time constants in the range of 500 fs while decay time constants for feature F are near 2 ps and 1200 ps. The rise of feature F is described by τ 3F as approximately 400 fs.
VI. DISCUSSION
UV excitation of an iodide-molecule complex in the range of the VDE of the complex according to Eq. (1) can be considered an electron scattering process wherein photodetachment of an electron from iodide can either produce a free electron and a neutral iodine-molecule complex or a transient negative ion of the form [I· · · M]
− . The nature and decay of such TNIs has been explored experimentally using photoelectron and action spectroscopies for small solvent molecules 25, 39, 61 and with TRPES for the nucleobases uracil and thymine. 43, 44 For acetonitrile and nitromethane, characterization of anionic photofragments suggests that the TNI represents the result of intracluster charge transfer from the iodide to the adjacent electropositive methyl groups of the associated molecules. 25, 39 In Secs. VI A-VI C, we consider the charge-transfer processes for these systems from a time-resolved perspective and explore the dynamics of their resultant TNIs in detail.
A. Dynamics of the iodide-acetonitrile complex
In the time-resolved photoelectron spectra of the photoexcited I − · CH 3 CN complex, feature A occurs at low eKE and displays minimal temporal evolution. Because the excitation energies used are close in value to the VDE of the initial complex, direct single-photon detachment of I − · CH 3 CN should contribute to this low energy signal via production of the I( 2 P 3/2 ) · CH 3 CN neutral complex and a slow free electron. Electron autodetachment from the metastable TNI or other species can also produce low energy electron signal. Thus, the processes contributing to feature A can be summarized by the following equation:
In contrast to feature A, features B and C 1 exhibit notable dependence on excitation energy and pump-probe delay. As shown in Figures 3(a) and 4, these features appear as Gaussian peaks with widths reflective of the cross-correlation of the pump and probe pulses, indicating that both pulses contribute to the respective photoelectron signals. Feature C 1 becomes more intense relative to feature C 2 near the fringes of the photoabsorption spectrum of the DBS (Figure 5 ), appearing most dominant at energies furthest from the VDE of the initial complex, 3.54 eV. 25 Moreover, as shown in Figure 6 , the eKE of feature C 1 tracks the pump photon energy, in contrast to feature C 2 which remains fixed. These observations suggest that feature C 1 is only weakly associated with the absorption resonance, if at all. The position and intensity of feature B in the time-resolved photoelectron spectra reflects the same trends as feature C 1 as it always occurs at about 0.9 eV higher electron binding energy than feature C 1 . This energy difference corresponds to the spin-orbit splitting of iodine, suggesting that features B and C 1 arise from photodetachment of a species with the electronic character of iodide as opposed to an excited charge-transfer complex. Thus, features B and C 1 are assigned to two photon, two-color photodetachment (2CPD) of the initial I − · CH 3 CN complex, a channel unavailable outside of the overlap of the two pulses. Indeed, the central eKE of feature C 1 is consistent with that expected for 2CPD of the complex to yield iodine ( 2 P 3/2 )-acetonitrile, while feature B is consistent with the formation of iodine ( 2 P 1/2 )-acetonitrile:
The anisotropy parameters for feature C 1 are consistent with the assignment of the cross-correlation limited features to 2CPD (Figure 7(a) ). The near-zero value of β 2 measured at t = 0 differs from the value of approximately −0.6 expected for single-photon detachment of both bare iodide and the iodideacetonitrile complex. 62 However, the non-zero value of β 4 at t = 0 and the corresponding photoelectron angular distribution displayed in Figure 2 (a) indicate a multiphoton process. 63 The transient negative ion [I · · · CH 3 
CN]
− created upon photoexcitation of I − · CH 3 CN represents the result of intracluster charge transfer from iodide to the acetonitrile molecule. In previous studies, 25, 64 this state was described as a dipole-bound acetonitrile anion perturbed by an iodine atom. The dipole-bound anion of bare acetonitrile has an electron binding energy smaller than 20 meV 22, 24, 25 and produces a sharply peaked photoelectron signal. 25 Iodine is expected to minimally perturb the acetonitrile DBS, and the binding energy of neutral iodine to molecules and cluster anions has been estimated as approximately 50 meV. 59, [65] [66] [67] [68] Thus, the narrow and weakly bound (VDE = 20 meV) feature C 2 can reasonably be assigned to direct photodetachment of the dipole-bound acetonitrile anion by the probe pulse. The asymptotic anisotropy values depicted in Figure 7 (a) also support this assignment, as the β 2 value of unity matches previously reported values 69 while the β 4 value of zero is consistent with single-photon photodetachment. β 2 values near unity are expected for dipole-bound electrons, which are generally well-described by hybrid s-p z orbitals with predominantly s character. 70, 71 As discussed above, the intensity of feature C 2 decays biexponentially with time constants of few and hundreds of ps. Because the dipole-bound state is so weakly bound, autodetachment of low energy electrons according to Eq. (5) should be facile if the TNI is formed with any vibrational excitation. The biexponential behavior observed is characteristic of a sequential process, however, indicating that other processes must also be considered. The TNI created upon charge transfer from iodide to acetonitrile should consist of an iodine atom complexed to the methyl end of a weakly excited dipole-bound acetonitrile anion, and can be described as I · · · CH 3 CN * − . Only a small amount of energy should be available to the DBS because the excitation energy is close to the VDE of the initial complex. Thus, dissociation of the C-C bond to produce cyanide and a methyl radical or of a C-H bond to form a proton or hydrogen atom and a singly or doubly charged allene-like H 2 C 2 N anion should not occur. 72, 73 The most viable decay pathway is thus iodine atom loss to yield the bare CH 3 CN * − DBS. With some excess energy carried away in translation by the departing iodine atom, the remaining CH 3 CN * − species should be further stabilized with respect to autodetachment and its rate of autodetachment should decrease.
Iodine loss has previously been invoked to explain biexponential decay of the transient negative ions of iodinecomplexed uracil and thymine 43, 44 and has been hypothesized to occur for I − · (CH 3 CN) n complexes with n ≥ 1. For example, in a TRPES study of n = 5-10 clusters, a 50 meV drop in the cluster anion species' VDE was interpreted as the loss of iodine to yield the bare cluster anions. 74 Johnson and coworkers 25 noted the exclusive production of CH 3 CN − upon excitation of the I − · CH 3 CN binary complex near its VDE, suggesting that iodine is ineffective at electron recapture. Theoretical studies 59, 75 have also cited iodine loss as a process accompanying or subsequent to cluster rearrangements; a recent ab initio study by Mak et al. 59 indicated that a translation of iodine by several Å away from the acetonitrile moiety dominates the early dynamics of the photoexcited n = 1 cluster and reduces the VDE of the anion by less than 10 meV, a change difficult to observe in our experiment. Similarly, Takayanagi 75 used high level calculations to show that iodine translation away from the asymmetric, linear n = 2 cluster occurs with minimal change in VDE over hundreds of femtoseconds. The decay dynamics proposed for photo-excited I − · CH 3 CN are summarized in Eq. (7):
Within this scheme, the time constants can be related to rate constants according to
The autodetachment rate for the unperturbed DBS is given by k 3 ∼ 1 × 10 9 /s. The autodetachment rate k 1 of the I · · · CH 3 CN * − state is difficult to disentangle from the rate of iodine loss. However, given that k 1 + k 2 ∼ 2 × 10 11 /s k 3 , we would expect that k 1 k 2 unless loss of iodine reduces the autodetachment rate by two orders of magnitude, which seems unlikely.
B. Dynamics of the iodide-nitromethane complex
The time-resolved photoelectron spectra for I − · CH 3 NO 2 differ significantly from those for I − · CH 3 CN (Figure 3 ). While spectra for both systems include an intense low energy feature and a feature with eKE comparable to the energy of the probe pulse, feature C observed for I − · CH 3 CN persists for hundreds of ps while feature E appears to rapidly decay to the much broader feature F in I − · CH 3 NO 2 spectra. As discussed below, this divergence is attributable to a DBS to VBS transition in the nitromethane system that is not accessible for acetonitrile.
The time-resolved photoelectron spectra of the I − · CH 3 NO 2 complex are dominated by a low eKE, near-time-invariant feature D. Direct detachment of the initial complex by the exciting pulse and autodetachment from the weakly bound transient negative ion state should both contribute to this photoelectron signal according to Eq. (5). In contrast to the I − · CH 3 CN system, two photon, two-color photodetachment of I − · CH 3 NO 2 at the overlap of the pump and probe pulses is only weakly observed.
Intracluster charge transfer from the iodide to the nitromethane moiety initiated with a UV pulse close in energy to the VDE of the initial complex has previously been observed to produce a nitromethane anion with dipole-bound character, as inferred from the comparison of field-stripping measurements 39 with previous work on known dipole-bound states. 16, 23 The eBE of the nitromethane DBS was measured to be approximately 10 meV in RET 16 and PES 34 experiments; interaction between the nitromethane anion and a neutral iodine atom may somewhat increase the VDE of the TNI complex. 16, 39, [65] [66] [67] [68] The narrow feature E with its VDE of approximately 20 meV is consistent with this description and is therefore identified as the DBS of nitromethane. The positive value of the associated β 2 anisotropy parameter supports the assignment of this feature as described in Sec. VI A.
The overall structure and spectral extent (0.3-1.5 eV eKE) of feature F are characteristic of a valence-bound anion for which large deviations between neutral and anion geometries produce broad Franck-Condon envelopes. In previous single-photon photoelectron spectroscopy measurements, 16, 33, 34 the valence anion of nitromethane was generated in supersonic expansions of argon gas and its VDE and onset estimated to occur at 0.9 eV and 172 meV, respectively. Associated β 2 values were measured in the range of 0.5-1.25, 33, 34 consistent with detachment from the a highest occupied molecular orbital of nitromethane. 33, 37 The energetic and anisotropy parameters observed for feature F match those previously reported and therefore support the assignment of F as the VBS of nitromethane. Here, no vibrational structure is observed, reflecting our energy resolution and the expectation that the valence anions have non-negligible vibrational excitation, leading to a spectrally congested spectrum.
The rapid decay of the DBS and coincident rise of the VBS implies that transformation to the VBS is the primary decay mechanism of the dipole-bound anion. The time constants τ 1E and τ 3F describing the decay of feature E and the rise of feature F, respectively, are roughly equivalent in value; the slightly larger values of τ 1E most likely result from residual contamination of feature E by feature F. As discussed for the acetonitrile anion, autodetachment and iodine atom loss could possibly also contribute to the initial decay of the iodinestabilized DB anion of nitromethane. However, given that the decay of feature E is best captured with a single-exponential decay constant that is approximately equal to the rise time of feature F, it appears that these other channels are unimportant for the nitromethane dipole-bound anion. Thus, the decay dynamics of feature E are given by
where I· · · CH 3 NO 2 †− represents the iodine-associated valence anion described by feature F.
The transformation from the DBS to the VBS will now be considered in greater detail. The rate of the transformation is given by the rise τ 3F of feature F as approximately 400 fs. To our knowledge, this represents the first measurement of the rate of transfer between two such states. The transition had previously been predicted to occur on a sub-microsecond timescale based upon a calculated coupling element between the two states of 30 meV. 17 Figure 9 shows schematic diabatic potential energy curves for the relevant states. 76 The grey curve is neutral CH 3 NO 2 , the blue curve is the anion DBS, which is slightly lower in energy relative to the neutral with a very similar geometry, and the red curve is the anion VBS, lying lower in energy than the DBS and exhibiting considerably more pyrimidalization at the NO 2 group (see Table I ). The transition from the DBS to the VBS must thus involve activation of the vibrational modes associated with the nitro group that dominate the photoelectron spectra of the VBS. 16, 34 Figure 9 emphasizes the presumed role of the DBS as a Feshbach resonance and, consequently, a "doorway" into the valence anion state. 16, 17, 37, 39 The transition from the DBS should proceed upon vibrational energy redistribution 35, 76 into nitro group modes over a small barrier to produce a highly vibrationally excited valence anion. The height of this barrier has not been calculated, but RET studies measuring mixed dipole-valence character nitromethane anions suggest that it should be small. 16, 23, 35 The limited previous observations of the DBS of nitromethane outside of RET experiments 34, 39 confirm the fragile nature of DBS emphasized by this scheme, as does the rapid DBS-VBS transition seen in the work presented here.
The highly vibrationally excited valence anion created upon this curve-crossing motion should be susceptible to decay via autodetachment and other mechanisms. The integrated intensity of the anion VBS exhibits clear biexponential behavior described by 2 ps and 1200 ps time constants. Notably, the spectral profile of feature F does not appear to change with t. As discussed above, the nature and rapidity of the DBS to VBS transformation suggests that the iodine remains associated with the nitromethane moiety during the transition. Hence, the same explanation proposed for the biexponential decay in I − · CH 3 CN (Eq. (7)) may well hold here.
Dissociation of the complex by loss of the nitrite ion or regeneration of the halide should also be considered. In action spectroscopy studies of bromide-and iodidenitromethane complexes excited near their VDEs, Johnson and co-workers 39 noted the formation of both such species, invoking a radical-anion reaction to explain their formation with such small available energies. 8, [77] [78] [79] [80] However, neither NO 2 − nor I − can be detached at the probe photon energy used here, 81 so the separate contribution of these channels to the decay of feature F cannot be assessed. The dynamics describing the decay of the valence anion species are presented in Eq. (10): 
The autodetachment rate for the relaxed valence anion, τ 2F , is approximately 1 × 10 9 /s, similar to that measured for the decay of the bare CH 3 CN dipole-bound anion.
C. Comparison to iodide-nucleobase complexes
The experiments performed here were motivated by our earlier TRPES studies of iodide-uracil (I − · U) and iodidethymine (I − · T) complexes. 43, 44 In those experiments, the complexes were excited approximately 0.7 eV above their respective VDEs, with the goal of producing nucleobase transient negative ions and elucidating their decay dynamics. For both complexes, a single, broad transient feature resembling the valence anion was observed. 43, 44 TNIs for both species decayed biexponentially, with the rates of uracil anion decay being considerably slower than those describing the thymine anion. These dynamics were interpreted as autodetachment of the iodine-complexed and bare anions, respectively, using similar arguments as those proposed here for I − · CH 3 CN and I − · CH 3 NO 2 complexes.
Nucleobases are known to support dipole bound anion states 11 and very close-lying valence bound states. 45, 46, 82 However, in contrast to the work presented here, our early experiments on I − · U and I − · T showed no evidence for DBS formation even as a short-lived transient species. Moreover, the biexponential decays measured for I − · CH 3 CN and I − · CH 3 NO 2 are noticeably slower than for the nucleobase complexes. These differences may simply reflect the higher pump photon energies relative to the VDE in the experiments on iodide-nucleobase complexes or something more fundamental to the relaxation of the various TNIs.
Excitation of iodide-nucleobase complexes closer to their VDEs may yield iodine-stabilized dipole-bound anions in analogy to the acetonitrile and nitromethane systems. If so, an intermediate excitation energy may exist at which both the DBS and the VBS could be observed. Such an observation could provide considerable insight into the interaction of nucleobases with low energy electrons and may assist in the understanding of radiation-induced damage to larger biological systems.
VII. CONCLUSION
The decay dynamics of the acetonitrile and nitromethane dipole-bound anions created by UV-initiated charge transfer within the corresponding iodide-molecule complexes have been investigated using time-resolved photoelectron imaging. The ground-state acetonitrile anion exists as a dipolebound species, and the formation of a valence anion is not anticipated below 3 eV. The acetonitrile DBS generated upon electron transfer from iodide decays biexponentially with timescales of 4 ps and 900 ps, corresponding to translation of the iodine atom away from the molecule and electron autodetachment from the bare DBS. For the nitromethane system, both dipole-bound and valence anions are observed. The fast (400 fs) rise of the valence species and biexponential decay over 2 ps and 1200 ps timescales are suggestive of a DBS to VBS transition mediated by vibrational energy redistribution from methyl-to nitro-associated vibrational modes. The highly vibrationally excited VBS subsequently decays via autodetachment, iodine atom loss, and other dissociation mechanisms. These measurements mark the first direct observation of the transformation of a dipole-bound anion to a valence anion and may provide insight into the interactions between similar states in more complex systems such as uracil and thymine nucleobases.
